We present new results of fitting 108 spectra of radio pulsars with the flicker noise model proposed by Löhmer et al. (2008) and compare them with the spectral indices of power-law fits published by Maron et al. (2000) . The fits to the model were carried out using the Markov chain Monte Carlo (MCMC) method appropriate for the non-linear fits. Our main conclusion is that pulsar radio spectra can be statistically very well described by the flicker noise model over wide frequency range from a few tens of MHz up to tens of GHz. Moreover, our dataset allows us to conduct statistical analysis of the model parameters. As our results show, there is a strong negative correlation between the flicker noise spectrum model parameters log S 0 and n and a strong positive relationship between n and the power-law spectral index α. The latter implies that their physical meaning is similar, however the flicker noise model has an advantage over broken power-law model. Not only it describes the spectra in higher frequency range with only two parameters, not counting scaling factor S 0 , but also it shows smooth transition from flat to steep behaviour at lower and higher frequencies, respectively. On the other hand, there are no correlations of the flicker noise model parameters S 0 , τ and n with any of pulsar physical properties.
INTRODUCTION
Spectra of radio pulsars have been a subject of studies for many years. It is a generally accepted fact, that the pulsar radio spectra are steep and approximately follow a power-law relation: S ν ∼ ν α , where S ν is the observed flux density at frequency ν, and α is the spectral index.
Many studies have been carried out on the measurements of flux densities in a wide frequency range over the past years (e.g. Sieber 1973; Malofeev et al. 1994; Seiradakis et al. 1995; Lorimer et al. 1995; Maron et al. 2000) . However, the first systematic study of spectral indices for a large number of pulsars was conducted by Lorimer et al. (1995) who published a catalogue of spectral indices for 280 pulsars based on observations made with the Lovell radio telescope at frequencies 0.4-1.6 GHz. More recent work by Maron et al. (2000) extended the frequency range for many cases up to 5 GHz and derived the spectral index value of α = −1.8 ± 0.2. They also found that in their sample ∼ 10% of pulsars have double power law (broken power law) type spectrum which is described by two parameters, α 1 at lower frequencies and α 2 at higher frequencies. Additionally, Maron et al. (2000) discovered that PSRs B1823-13 and B1838-04 show high-frequency turnovers in their spectra. While turnovers are often observed at frequencies around and below 100 MHz (Izvekova et al. 1981) , the occurrence of such an effect at frequency ∼ 1GHz is unusual.
In this paper we are investigating the flicker noise model proposed by Löhmer et al. (2008) where the received radio flux density is given by S(ω) = S 0 1 + ω 2 τ 2 τ 2 n−1 × e −i(n−1)atan(ωτ) ,
where S 0 is a scaling factor, ω = 2πν, ν is an observing frequency, τ is the characteristic life time of nano bursts and n is the exponent that captures a number of physical and observational properties of the emission (Löhmer et al. 2008) . Pulsar fluxes and hence the input values for pulsar spectra are commonly averaged over the pulse period and therefore represent an average over what we receive from different emission regions at different phase angles. We know that many sources have strong profile evolution which is hidden in the single flux values and it would be rather surprising if a single one parameter law can fit such a spectrum well. Nevertheless, Löhmer et al. have pointed out, that even a two parameter model for a reference radio flux and a single time scale can already provide surprisingly good fits to the spectrum with intuitive values for the timescales that could be interpreted as observed life times of nano pulses. If one was to assume similar conditions for the emission regions observed at different pulse phases, as one would perhaps imagine to exist in pulsars with simple one component profiles, then n could have more than a heuristic meaning. Assume that we have radiation processes that are confined to flux tubes forming a layer of depth δ , having a particular cross section σ and typical separation a and that these emission centres can interact destructively if they overlap, then n = σ πaδ
. If the local plasma wavelength λ pe (r, γ) = 2π ω pe (r,γ) is the decisive scale, then n would just be thickness of the emission layer or alternatively the separation of emission centres in units of plasma lengths. Our results show, that like τ the range of n is constrained which points to similar conditions for the emission processes of all pulsars even when one takes the averaging over phase angles and propagation effects into account.
Section 2 covers the data selection and fitting method description. In Section 3 we discuss our findings which we summarise and conclude in Section 4.
DATASET AND FITTING METHOD
Our base dataset for the analysis consists of flux measurements of 108 pulsars. The sample was selected from a much wider dataset, containing measurements for 281 pulsars, published by Maron et al. (2000) . The most important data selection criterion was the coverage of the possible widest range of frequencies -flux measurements should be available at low (<200 MHz) and high (>1 GHz) frequencies to unambiguously fit all the parts of Löhmer spectrum model. Only those pulsars that met this criterion were included in the sample. Single datasets consist of minimum of 4 up to maximum of 24 flux measurements at a number of frequencies with the mean of 8 measurements. In some of the cases the fits were not reasonable due to insufficient number of low and/or high frequency measurements or measurements that were doubtful i.e. outliers or unusually high errors. Such cases are not presented in this paper, and after collection of additional published flux measurements will be presented in the upcoming paper.
MCMC
The model fits according to Eq. 1 were carried out using the Markov chain Monte Carlo (MCMC) method which is a machine learning algorithm (Gelfand & Smith 1990) . It is mostly used to solve optimisation problems in multidimensional spaces, although it can be used for solving much simpler problems. It is a combination of memoryless Markov process and Monte Carlo randomised algorithm. The Markov process fulfils the condition, that future state of the system depends only on its present state without a need for knowing its full history. One common example is the random walk where next position depends only on present position regardless of previous steps. The main idea behind MCMC is to construct a Markov chain in the way, that its equilibrium distribution is the distribution we want to sample. To achieve this goal a number of so called walkers randomly wander the parameter space and draw a set of samples from the original, maybe unknown, distribution. After high number of steps we sample the chain instead of sampling the original distribution.
In case of a non-linear model like a power-law, one can not use χ 2 red as the goodness of fit estimator since determination of degrees of freedom is non trivial (Andrae et al. 2010) . As the fitting procedure we used a maximum likelihood method along with Markov chain Monte Carlo using emcee python library (Foreman-Mackey et al. 2012) .
The fitting procedure was run on datasets consisting of measured values of observing frequency, flux and flux error. The MCMC algorithm in connection with the maximum likelihood estimation (MLE) allowed us to sample the R 3 parameter space sufficiently to get smooth parameter distributions. We took the median (50 th percentile) of the resulting distributions of each parameter as parameter values as well as 16 th and 84 th percentiles of the distributions as a lower (σ − ) and upper (σ + ) uncertainties, respectively. For the normal distribution the 16th and 84th percentiles are equivalent of 2 sigma range and they are commonly used for error estimation.
RESULTS AND DISCUSSION
As an example of our analysis the fitted spectrum to PSR B1133+16 flux measurements is presented in Fig. 1 . The same approach was taken in case of 108 sets of flux measurements for different pulsars and yielded estimations of parameters S 0 , τ and n. Parameter distributions for PSR B1133+16, along with their correlations, as an example are presented in Fig. 2 . The plot presents 1-D and 2-D posterior probability distributions of three fitted parameters S 0 , τ and n. The most frequently occurring values for each parameter are marked with solid vertical and horizontal lines. The diagonal 1-D distributions are symmetric and Gaussian-like which is not always like this. In this case it means, that the fit is reasonable and the parameter estimations along with their errors, taken as the 16 th and 84 th percentile of each distribution, are precise.
Resulting parameters S 0 , τ and n for all pulsars and respective uncertainties, along with a number of flux measurements of fitting 108 spectra are gathered in Tab One of the most noticeable pulsar in our sample is PSR B2022+50 (J2023+5037). It has a period of P = 0.373 s., a polarisation angle curve showing an orthogonal mode and its interpulse is 100% polarised (Han et al. 2009 ). Our fit of the flicker noise spectrum model to B2022+50 flux measurements yielded S 0 = 0.015 Jy, τ = 2.014 ns and n = 0.544, which are extreme values within our whole sample. This pulsar is the weakest one so the scaling factor S 0 of its fit is also the smallest among all values. It is supposed to have the longest duration of nano-bursts (τ) and its spectrum is not as steep as of other pulsars due to the high n value. Löhmer et al. (2008) fitted flicker noise spectra to 12 pulsars and got S 0 , τ and n. In Tab. 2 we compare them with our results. Our results are consistent with previous studies except for B0144+59 and B1929+10 where τ is different by the order of magnitude. Since there are no plots or data for these pulsars in their work, we can not investigate either of the cases in details.
We also looked for the correlations between fitted parameters S 0 , τ and n and found a relationship between S 0 and n with Pearson's correlation index of -0.52 with the 95% confidence interval of (-0.65, -0.37) and the p-value of 5.53 × 10 −9 . Remaining parameters show only weak correlations, as it can be seen in Fig. 4 . In the diagonal of this figure the approximated kernel densities of parameter distributions are plotted. The main pulsar radio spectrum model fitted in Maron et al. (2000) was a power-law with the mean value of spectral index α = −1.8 ± 0.2. Correlations of S 0 , τ and n acquired in this study with spectral indices α from fits of single power-law are presented in Fig. 5 . There are no obvious correlations between S 0 and τ with α. However, there is a strong positive relationship between n and α with Pearson's correlation index of 0.63 with the 95% confidence interval of (0.50, 0.73) and the p-value of 2.03 × 10 −13 . The linear fit yields the relation n = 0.11 α + 0.34. This suggests that the physical interpretation of n and the power-law spectral index α is similar. Apart from that, there are no correlations of S 0 , τ and n with any of pulsar physical parameters like period, period derivative, age, rotational energy loss, magnetic field on surface or dispersion and rotation measures.
PSR B1133+16
PSR B1133+16 is one of the strongest and most frequently observed pulsars. Since 2000 there were many observations which allowed us to extend the original data (19 measurements) from Maron et al. (2000) with additional 41 measurements that were gathered in Krzeszowski et al. (2014) . Fig. 1 shows the results of fitting the flicker noise spectrum to PSR B1133+16 flux measurements. These data were divided into two sets: original set of points from Maron et al. (2000) marked with black filled circles and all measurements from Krzeszowski et al. (2014) marked with black filled circles and black opened circles altogether. The fits are plotted with solid line and dashed line for Maron's data and Krzeszowski's data, respectively, however both fits are indistinguishable. The spectrum is relatively flat at lower frequencies (< 300 MHz) and becomes steep at higher frequencies. The resulting parameters are as follows: −0.01 , where superscripts M and K denote respective datasets. In this case it is clear that tripling the number of available data points from 19 to 60 does not alter the fit when the original data sample the frequency space sufficiently well in low and high frequency regions.
In Krzeszowski et al. (2014) we fitted Löhmer model to 60 flux measurements using the least squares method and got the following results: S 0 = 3.39 ± 0.77 Jy, τ = 0.40 ± 0.05 ns, n = 0.118 ± 0.022 and χ 2 red = 4.7. The model is non-linear and the obtained χ 2 red is much greater than 1 and the error distribution is not normal, hence least squares method is not appropriate here (see Sec. 2.1). Still, the values are in good agreement with the values obtained with the MCMC, however the parameter errors from MCMC are 2-2.5 times smaller than in case of the least squares method. and n) with their respective upper (σ + ) and lower (σ − ) uncertainties, N denotes a number of flux measurements that fit was performed on. Additionally, power-law spectral index α is included for reference (Maron et al. 2000) . α 2 values from broken power-law are denoted with superscript b. Continued on next page and n) with their respective upper (σ + ) and lower (σ − ) uncertainties, N denotes a number of flux measurements that fit was performed on. Additionally, power-law spectral index α is included for reference (Maron et al. 2000) . α 2 values from broken power-law are denoted with superscript b. and n) with their respective upper (σ + ) and lower (σ − ) uncertainties, N denotes a number of flux measurements that fit was performed on. Additionally, power-law spectral index α is included for reference (Maron et al. 2000) . α 2 values from broken power-law are denoted with superscript b. [ht] . Density plots and correlations of fitted parameters S 0 , τ and n. The first row shows the radio flux density distribution, the scatter plot and correlations between τ and S 0 as well as n and S 0 . The second row shows the scatter plot of S 0 versus τ, the distribution of τ and the scatter plot and correlation between n and τ. The third row shows the scatter plots of S 0 versus n ans τ versus n as well as the distribution of n. Pearson's correlation indices are printed over upper corner panels. There is a strong negative correlation between log S 0 and n.
[] 
SUMMARY AND CONCLUSIONS
The main conclusion of our work is that the pulsar radio spectrum can be well described with flicker noise model proposed by Löhmer et al. (2008) for a high number of pulsars. The crucial constraint on the quality of fitting the flicker noise spectrum model is the coverage of frequency space. There should be flux measurements at low (< 200 MHz) and high (> 1 GHz) frequencies to obtain reliable parameter estimates. We have flux measurements for many more pulsars but they lack either low or high frequency data. We are planning to extend Maron's database with published measurements and new observations. In the best case it will almost double our sample up to 281 pulsars for our future study. Maron et al. (2000) fitted spectrum for flux measurements above 300 MHz even if they had data points at lower frequencies because of so called low-frequency turn-over, which can not be reasonably represented with power-law model. In our work we took into account all the points, including those below 300 MHz gathered by Maron et al. (2000) and successfully fitted the flicker noise spectrum model. The most outstanding example of extension of the data is the case of PSR B1133+16, which justifies application of Löhmer's model, that describes pulsar radio spectrum in wide frequency range from 17 MHz up to 32 GHz. To reproduce more complex shape of a pulsar spectrum with power-laws one should combine three or more of them to get a reasonable fit. This approach is artificial and most likely non-physical. It seems that flicker noise model has an advantage over a power-law model and also over broken power-law. Not only does it describe the spectra in higher frequency range with only two parameters, not counting scaling factor S 0 , but it also shows a smooth transition from flat to steep behaviour at lower and higher frequencies, respectively. Based on our dataset of 108 pulsars we found that fifty percent of S 0 , τ and n values are between 0.17-1.20 Jy, 0.25-0.84 ns and 0.07-0.20, respectively.
We conclude that there is a strong negative correlation between the flicker noise spectrum model parameters log S 0 and n, which may indicate a selection bias as high frequency detections would be improbably for weak steep spectrum sources, and a strong positive relationship between n and the power-law spectral index α. The latter implies, that the physical meaning of both parameters must be similar. The flicker noise spectrum behaves in the similar manner as the power-law at higher frequencies and is able to describe the data at lower frequencies at the same time, which is another advantage of this model.
Furthermore, in our study we have not found any correlations of the model parameters S 0 , τ and n with pulsar physical properties like period, period derivative, age, rotational energy loss, magnetic field on surface or dispersion and rotation measures.
